Biol., in press). In this report: 1) we have mutated key active site residues into nonfunctional amino acids, and their roles in catalysis were further analyzed; 2) we performed mutagenesis studies indicating that secondary intermolecular modification is carried out in the same active site where deacylation reaction of CA occurs; and 3) the cleavage site of secondary intermolecular modification by another CA was identified in the spacer peptide using mutational analysis. Finally, a schematic model for intermolecular cleavage of CA is proposed.
Cephalosporin acylase (CA) 1 is a recently identified N-terminal hydrolase, and it has a distinctive structural motif, the so called "␣-␤-␤-␣" structural pattern (1) . The gene structure of the open reading frame of CA generally consists of signal peptide, a spacer, a ␣-subunit, and a ␤-subunit. CA is translated as an inactive single chain precursor and is post-translationally modified into an active enzyme, generating a new N-terminal nucleophilic residue such as Ser or Thr (2) . This Ser or Thr plays a critical role in both post-translational modification and enzymatic deacylation (3, 4) . The post-translational modification takes place in two steps. Firstly, intramolecular autocatalytic proteolysis takes place at one end of the spacer by a nucleophilic Ser or Thr, which in turn becomes a new N-terminal Ser or Thr. Secondly, subsequent intermolecular modification cleaves off the other end of the spacer by another CA (2, 5, 6) . The detailed mechanism for intramolecular cleavage and the sequence of spacer peptide following intermolecular cleavage are proposed based on the precursor structure of CA. 2 CA is a commercially important enzyme and has been used to produce 7-aminocephalosporanic acid (7-ACA), which is a backbone chemical in synthesizing semi-synthetic cephalosporin antibiotics. Four thousand tons of 7-ACA is produced from cephalosporin C (CPC) annually by the pharmaceutical industry, but the majority of 7-ACA is manufactured by toxic chemical deacylation (Amicogen Company, Jinju, Korea). Therefore, a conversion of CPC to 7-ACA by a single enzymatic reaction catalyzed by CA has been of great interest. However, CAs use glutaryl-7-ACA (GL-7-ACA) as a primary substrate, and the enzyme has low turnover rates for CPC (7, 8) . Unsuccessful attempts to obtain a direct enzymatic transformation of CPC into 7-ACA by a single CA have led to the development of a two-enzyme process using CA and D-amino acid oxidase (9) .
CAs have been categorized into five classes (CA I-V) (2). They are able to catalyze several substrates and substrate analogs, but their activities on CPC vary from 0 to 4% relative to GL-7-ACA (10). Much effort has been devoted to obtain CAs that could convert CPC into 7-ACA by a single enzymatic conversion. However, these efforts have been unsuccessful in obtaining a CA that carries high activity with respect to CPC. Site-directed mutagenesis also has been carried out for a known CA so as to improve activity with respect to CPC, but this effort only improved the activity by less than 2-fold compared with the wild enzyme of a class III CA from Pseudomonas N176 (11, 12) . The absence of a three-dimensional structure for CAs has slowed the progress in protein engineering.
Recently, the structure of a class I CA from Pseudomonas diminuta (CAD) was determined at 2.0 Å resolution (10, 13, 14) . In addition, two binary structures in complex with GL-7-ACA (the most favored substrate of all five class CAs) and glutarate (side chain of GL-7-ACA, which determines substrate specificity in CA) were determined at 2.6 and 2.5 Å resolutions, respectively (23) . The active site conformation of CAD was revealed by the apo structure from which the corresponding active site residues in other class CAs were mostly inferred. In addition, those two ligand-bound structures revealed the detailed interactions of GL-7-ACA with the side chain pocket in the active site, which suggests that the glutaryl side chain moiety of GL-7-ACA is a dominating factor in substrate binding in the active site of CAD (23) .
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In this report, we extend our structural work of CAD further by site-directed mutagenesis to the active site residues of CAD. The critical active site residues, which are directly interacting with the substrate GL-7-ACA by hydrogen bonds and hydrophobic interactions, were mutagenized to nonfunctional amino acids so as to confirm the roles of the active site residues with regard to catalysis. On the other hand, it is proposed that intermolecular cleavage of precursor CA is performed by another CA molecule (6) . The cleavage site of intermolecular cleavage reaction is still controversial among research groups (2, 6) . 2 The mutational analysis of active site residues from this report provides support for the view that secondary intermolecular cleavage is carried out by another CA and also in the same active site where the deacylation reaction of CA occurs. In addition, the cleavage site of secondary intermolecular cleavage was confirmed in spacer residues through mutagenesis studies together with the structural studies of CAD. 2 Finally, a schematic model for intermolecular cleavage is proposed.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis of CAD-Mutants of CAD were constructed by site-directed mutagenesis using a polymerase chain reaction. The mutant CAD gene on the pET24d(ϩ) plasmid was transformed into an Escherichia coli DH5␣ host cell for further subcloning. The mutant CAD gene, of which signal peptide had been removed, was subcloned into E. coli BL21(DE3) using overexpression vector pET24d(ϩ) for protein expression. All DNA manipulations were performed according to standard techniques (15) . All mutant genes were sequenced using an automatic DNA sequencer (PerkinElmer Life Sciences) to confirm whether or not the targeted mutations were correctly mutated, and no other changes were incorporated. Expression of Mutant CAD Protein-The pET24d(ϩ) plasmid bearing mutant CAD was transformed into an E. coli BL21(DE3) host cell for protein overexpression. E. coli BL21(DE3) cells carrying pET24d(ϩ) plasmid in LB medium were cultured at 37°C, 250 rpm with 30°C kanamycin until the A 600 nm reached 0.6, and then 0.5 mM isopropyl-1-thio-␤-D-galactopyranoside was added to the culture at 30°C for 8 h for protein production. Other details of overexpression using the pET24d(ϩ) were observed as described in the Novagen expression system manual.
Purification of CAD Protein-Crude cell extract was prepared by sonication and centrifuged at 12,000 rpm for 20 min. The resultant supernatant obtained from centrifugation was concentrated by ammonium sulfate precipitation at 35-50% saturation. The protein solution was subjected to phenyl-Sepharose column chromatography (Amersham Biosciences), which was pre-equilibrated with an equilibration buffer consisting of 30% ammonium sulfate, 1 mM EDTA, 1 mM ␤-mercaptoethanol, and 50 mM sodium phosphate, pH 7.2. The CAD protein was eluted with a linear gradient of 35 to 0% ammonium sulfate saturated in the equilibration buffer. The eluted protein was concentrated by ultrafiltration and further purified by Sephacryl S-200 gel filtration chromatography (Amersham Biosciences).
Assay of Deacylation Activity for Mutant CAD-The activity assay for wild type and mutant CAD was based on the colorimetric measurement (16) of 7-ACA released from the substrate GL-7-ACA. Five l of enzyme solution (about 10 l of CAD protein) reacted for 1 min in 500 l of a substrate solution consisting of 1% (w/v) GL-7-ACA, 200 mM sodium phosphate, pH 7.0, 1 mM EDTA, 1 mM ␤-ME. The reaction mixture (40 l) was transferred into 500 l of the stop solution (a mixture of acetic acid and 0.25 M NaOH in a 2:1 ratio) and subsequently centrifuged at 12,000 rpm for 10 min. The supernatant was mixed with 35 l of 5% (w/v) l of p-dimethylaminobenzaldehyde in methanol and incubated for 5 min at room temperature. The absorbance was measured at 415-nm wavelength. The protein concentration for assay was predetermined by Bradford assay (Sigma) using bovine serum albumin as a standard reagent.
RESULTS AND DISCUSSION
Deacylation Activity of Mutant CAD-The apo structure of CAD (10) and the binary structures (23) in complex with substrate (GL-7-ACA) and its side chain (glutarate) were determined. The structural studies elucidated the conformation of the amino acid residues in the active site in detail ( Fig. 1) , making it possible to infer the role of some amino acid residues in catalysis (23) . In the GL-7-ACA bound structure, the critical residues, such as Arg 57␤ , 3 Tyr 33␤ , Tyr 149␣ , and Arg 155␣ , form direct hydrogen bonds with the substrate, GL-7-ACA. Other residues, such as Phe 177␤ and Leu 24␤ , also contribute to substrate binding by hydrophobic interactions. In the other hand, Gln 50␤ forms the hydrogen bonds to the residues Arg 57␤ and Tyr 149␣ , probably assisting these two residues to position at proper orientation for catalysis, even if it does not directly interact with substrate by either hydrogen bond or hydrophobic interaction. It was proposed that the binding energy of the substrate in active site is dominated by the interaction of glutaryl moiety with residues in the side chain binding pocket (23) . To confirm the effect of the critical residues on enzyme activity, the residues involved in substrate binding were mutagenized to other amino acids, and their roles for catalysis 3 The notation of the amino acid sequences in precursor CAD is identical to CAD up to the residue 158␣ (10) . The ␣-subunit is indicated by attaching ␣ at the end of the residue number, and the ␤-subunit is indicated by putting ␤. Additionally, the spacer residue is represented by putting the letter s at the end of a residue number such as 159s. The spacer sequence of precursor CAD, which is from residues 159s-169s in this structure, was included as part of ␣-subunit in the previous study (10) , because it was not clear at that time where the secondary cleavage occurred, releasing the spacer peptide from ␣-subunit. For example, residues 159 -169 were described as 159␣-169␣ in the previous study (10) .   FIG. 3 . SDS-PAGE of mutant CAD proteins. Intramolecular and intermolecular cleavage patterns for wild type and mutant CAD proteins are analyzed by SDS-PAGE. The lanes from left to right contain molecular mass markers (mw) in kDa; wild type; S1␤A; S1␤C; R57␤K; R57␤I; R57␤S; Y33␤F; Y33␤S; Y33␤I; F177␤H; F177␤T; F177␤P; Q50␤R; Y149␣L; R155␣G; molecular mass markers (mw) in kDa. Arrows ␣, ␤, P, and s␣ indicate the ␣-subunit, the ␤-subunit, the precursor, and the ␣-subunit with spacer, respectively. b Percentage of GL-7-ACA activity with respect to that of wild type. Less than 0.1% GL-7-ACA activity of wild type is noted "None."
were investigated by comparing the deacylation activity of mutant proteins with wild type CAD.
A mutant CAD was cloned and overexpressed using a pET24d(ϩ) vector in E. coli BL21(DE3) (13, 14) . The cloned CAD gene contains an ␣-subunit, a spacer, and a ␤-subunit. The mutant CAD proteins were overexpressed and purified to near homogeneity for activity measurements as shown in Fig.  2 . Measurements of deacylation activity were carried out for each mutant by colorimetry using p-dimethylaminobenzaldehyde (16) . The deacylation activities of mutant CADs are shown in Table I . It appears that Arg 57␤ and Tyr 33␤ , which are involved in direct hydrogen bonds with the glutaryl moiety of GL-7-ACA, have the greatest effects on enzyme activity. Once the residue Arg 57␤ is mutagenized to disrupt the hydrogen bonding patterns, the deacylation activity of CAD is virtually lost. In contrast, the mutation of Tyr 149␣ , which also forms a direct hydrogen bond with glutaryl moiety, does not have as much effect on deacylation reaction as is shown in the mutations of Arg 57␤ and Tyr 33␤ . All five mutations of Gln 50␤ maintain a fair amount of deacylation activity, indicating that Gln 50␤ is not a critical player in catalysis as implicated in the hydrogen bonding pattern (Fig. 1) . The mutation of Gln 50␤ to other residues is more tolerable with regard to maintaining deacylation activity. The residue Arg 155␣ , which anchors an acetoxy group, attached to a six-membered ring of GL-7-ACA was mutated to Gly to confirm the significance of the hydrogen bonding between Arg 155␣ and the deacetoxy group (Fig. 1) . However, the mutation does not have a noticeable effect on deacylation activity (Table I) . It seems that the deacetoxy group of GL-7-ACA does not significantly contribute to substrate binding in the active site. Phe 177␤ that is involved in hydrophobic interaction with the glutaryl side chain was mutagenized to several amino acids (Table I) . Interestingly, the mutants of Phe 177␤ show highly diverse effects. The F177␤P mutant was unable to carry out intramolecular cleavage, and this effect is unique among all mutants. In addition, it carries out a partial intermolecular cleavage even if it possesses 4.3% of deacylation activity, which is enough to carry out intermolecular cleavage in Tyr 149␣ and Gln 50␤ mutants (Table I and Fig. 3 ). Given the observation that Phe 177␤ does not make a direct hydrogen bond with the substrate but reveals dramatic effects for mutations, it may be conceivable that Phe 177␤ could be a critical residue involved in maintaining the conformation of the active site.
Deacylation Activity of CAD Is Also Engaged in Intermolecular Cleavage-It was reported previously that the S1␤A mutant protein completely loses intramolecular autoproteolytic activity and that the S1␤C mutant keeps its capability for intramolecular cleavage but not for intermolecular cleavage (17) . This is also reproduced in Table I . It is apparent that the mutant CADs whose deacylation activities were destroyed (Y33␤S, R57␤C, R57␤S, R57␤I, and F177␤P) concurrently lost their capability for secondary intermolecular cleavage (Table  I ). The mutants that were unable to carry out secondary intermolecular cleavage (S1␤C, R57␤I, R57␤S, and Y33␤S) resulted in a SDS-PAGE band that is equivalent to the size of the S1␤C mutant but is bigger than the ␣-subunit of wild type CAD (Fig.  3) . Even if the mutants of Gln 50␤ and Tyr 149␣ possess about 1-2% of the wild type activity, secondary intermolecular cleavage takes place as shown in Table I and Fig. 3 . In contrast to the Gln 50␤ and Tyr 149␣ mutants, the mutants (Y33␤I, R57␤K, and F177␤T) carry the deacylation activity comparable with the Gln 50␤ and Tyr 149␣ mutants, but their intermolecular cleavage occurs partially (Table I and Fig. 3) . A trace amount of deacylation activity in the mutant R57␤K is enough to perform intermolecular cleavage partially (Table I) The lanes from left to right contain molecular mass markers (mw) in kDa; wild type; S1␤A; S1␤C; D161sN; D161sL; E159sL; E159sQ; E159sM; molecular mass markers (mw) in kDa. Arrows ␣, ␤, P, and s␣ indicate the ␣-subunit, the ␤-subunit, the precursor, and the ␣-subunit with spacer, respectively. mixture of two different sized ␣-subunits where intermolecular cleavage results in the shorter ␣-subunit (Fig. 3) . The most unusual cleavage pattern occurs in the mutant F177␤P, which lost its capability for intramolecular cleavage and consequently for intermolecular cleavage. Table I and Fig. 3 imply that deacylation activity for the substrate GL-7-ACA is also correlated with the activity of intermolecular cleavage. In addition, conformational changes in the residues Tyr 33␤ , Arg 57␤ , and Phe 177␤ may have greater influences on intramolecular and intermolecular cleavages than other active site residues.
Residue Glu 159s of Spacer Is the Target for Intermolecular Cleavage-It appears that the substrate binding site of CAD is not only used for binding the substrate GL-7-ACA but also for binding some portion of the spacer for intermolecular cleavage. The residues of the spacer such as Glu 159s or Asp 161s might be the most likely candidates for binding to the active site of CAD 1␤ is positioned 3.3 Å away from the target carbonyl carbon of Gly 158␣ , whereas the distance between the OG atom of Ser 1␤ and the carbonyl carbon of Gly 160s is 5.5 Å in this model. Therefore, the target carbonyl carbon for intermolecular cleavage appears more likely to be the carbonyl carbon of Gly 158␣ rather than that of Gly 160s , both of which are the glycines juxtaposed to the Glu 159s bound to the side chain binding pocket.
for intermolecular cleavage, because the carboxylate group of GL-7-ACA is the most dominating functional group in substrate binding in the deacylation reaction of CAD (23) (Fig. 1) . The spacer sequence of a class I CA from P. diminuta was proposed to run from residues Glu 159s to Gly 169s , EGDPPD-LADQG (23). However, it was also proposed in other class I CAs that the sequences of the spacers from Pseudomonas sp. 130 (2) and Pseudomonas sp. GK16 (6) are GDPPDLADQG and DPPDLADQG, which are one and two residues shorter than in CAD, respectively. Given that Glu and Asp are positioned at the N-terminal regions of the three spacers, the carboxylate group of Glu 159s or Asp 161s may bind to the side chain binding pocket of CAD active site for intermolecular cleavage. To determine which spacer residue binds to the side chain binding pocket for intermolecular cleavage, carboxylic amino acids Glu 159s and Asp 161s were mutated into non-negatively charged side chains, and the mutant CADs were subjected to SDS-PAGE to confirm whether or not intermolecular cleavage took place (Table II and Fig. 4) . If the carboxylate group is eliminated in either Glu 159s or Asp 161s , it may lose the capability to bind to the side chain binding pocket, which results in no cleavage at the intermolecular cleavage site. The mutant S1␤A that produces a noncleaved precursor CA and the mutant S1␤C that does not undergo intermolecular cleavage are also shown by SDS-PAGE (Fig. 4) as standard cleavage products for intramolecular and intermolecular cleavages, respectively. The mutants of Asp 161s show normal intermolecular cleavage as wild type CAD, showing that the sizes of ␣-subunit of the Asp 161s mutants are the same as wild type ␣-subunit (Fig. 4) . However, the mutants of Glu 159s did not undergo secondary intermolecular cleavage as represented by the bigger ␣-subunit compared with wild type CAD but the same size as the ␣-subunit of S1␤C mutant (Fig. 4) . The size of the ␣-subunit of Glu 159s mutants is equivalent to the size of the mutant R57␤S (Fig. 3) , which lost deacylation activity so that it could not go through secondary cleavage. Therefore, the carboxylate group of Glu 159s binds to the side chain pocket of CAD active site, and then the adjacent carbonyl carbon of Gly 158␣ , which is proposed to be the last residue of ␣-subunit (23) , is cleaved by the deacylation reaction of CAD.
We have provided experimental evidence from mutagenesis studies that the side chain pocket of CAD can accommodate glutaryl moiety of the substrate GL-7-ACA as well as the glutaryl side chain of the spacer residue Glu 159s and, thereby, plays dual roles both in deacylation reaction during CAD catalysis and in intermolecular cleavage during post-translational modification.
Interestingly, the Glu 159s mutants still possess almost full deacylation activity of CAD (Table II) . The spacer peptides of the Glu 159s mutants are cleaved only at one end by intramolecular cleavage, and so they may have an overhanging end moving around. However, the overhanging end does not eliminate deacylation activity for the substrate GL-7-ACA in the active site (Table II) , which differs from the observation made by Lee and Park (6) .
Model of Intermolecular Cleavage-The side chain (glutaryl moiety) of GL-7-ACA is bound deep into the side chain binding pocket of a CAD active site (Fig. 5A) (23) , and the specific interactions of glutaryl moiety with the residues of the side chain binding pocket become a dominating factor in substrate binding ( Fig. 1) (23) . The six residues, Asn 156␣ -Val 157␣ -Gly 158␣ -Glu 159s -Gly 160s -Asp 161s , around the secondary intermolecular cleavage site (Glu 159s ) are schematically modeled after the binding pattern of the glutaryl moiety of GL-7-ACA (Fig. 5B) . The glutaryl side chain of Glu 159s was closely superimposed onto the glutaryl moiety of GL-7-ACA. The six residues are fitted to one of the canonical loop structures that are selected from the highly refined data base using the option of the automain chain in O (18) . The loop structure fits well into the active site and does not collide with any active site residues of CAD. The residue Asn 156␣ is connected to the ␣-helix structure in the end of ␣-subunit. The two C-terminal residues of the loop (Gly 160s -Asp 161s ) move toward the two fused rings of GL-7-ACA (Fig. 5) . The nucleophilic OG atom of the catalytic nucleophilic Ser 1␤ may attack the carbonyl carbon atom of Gly 158␣ so that an 11-residue spacer can be released by secondary intermolecular cleavage reaction (Fig. 5B) , which is also supported by data from the MALDI-TOF mass spectroscopy and the structural analysis of wild type CAD. 2 Interestingly, two glycines are juxtaposed to Glu 159s , which may be because the two glycines could accommodate torsional strains caused by binding the carboxylate group of Glu 159s to the deep side chain pocket of CAD.
